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Outline

Main focus on LEBT and Design/Simulations thereof
e General Introduction

« SC In the envelope equation (Following N. Chauvin, CERN
Accelerator School)

 Generalized Perveance (Following N. Chauvin, CERN
Accelerator School)

« Space Charge Compensation
« Space Charge Compensation in Simulations
« Measuring Space Charge Compensation

« Examples
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I, In a grounded beam pipe ry:

W9 . 1
Ao (1 +2In :,—g — Lz) for r <y, Ap=—
o(r) = U dmeguy,
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 Acts defocusing on the beam — need to counteract with beam optics
elements
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How does Emittance influence Beam
Dynamics?

Courant-Snyder form of 0.05
envelope equation: " mmm;i%

0.04}

¢, = 0.50 m-mm-mrad

€, = 0.00 m-mm-mrad

3 W‘Hmw
I
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1
T, + KTy —

Emittance works against = 0|
focusing...
0.0lf: ________________________________
...What about Space
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How does Space Charge influence
Beam Dynamics?

: o . -y
o Envelope equa“ons 60 I 10keV O" beam in a 0.5m drift

: L e | SemA
with SC for elliptical g of N
beam: g ok
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Generalized Perveance

Generalized Perveance: K — ql
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Space Charge Compensation
(Neutralization)

« Beam interacts with 49t 4+ X0 & A(@=D+ 4 X+  (charge-exchange)
residual gas AT 4+ XY 5 AT L X+ + e~ (jonization)

_ I- (1 — fe)
A9 = dreguy

16

Beam Cross-Section no comp.

—
(8]
T

\

[ 50% comp.

Potential (V)
00

Iy
20 40 60 &0 100

Radius (mm)

National Science Foundation MICHIGAN STATE
Michigan Stats University LSRR LS e L R D. Winklehner, 2/19/2016, Slide 7

@




Space Charge Compensation
(Neutralization)

e Beam interacts with  OG¢ =  Ojonization
residual gas 0; = Ocharge—exchange T Tionization
I-(1—
Ao — (1—fe)
dreguy
16
no comp.
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Time to Compensation

* In absence of factors that reduce space charge
compensation:

1

- , ?
Oionizlg BBC

Tsce —

* However, collisions of the beam with the secondary
electrons change the dynamics and this time increases a
little.

* Also, no ‘full’ compensation can be reached in most cases.

@

N
NSCL

National Science Foundation
Michigan State University

D. Winklehner, 2/19/2016, Slide 9



Inclusion into Simulations

« Space Charge is included in PIC codes.
« What about Space Charge Compensation?
« 2 Methods: Self-consistently or semi-analytically.

« Self-Consistently: PIC codes include secondary ions
and electrons and collisions/Coulomb interaction of
beam ions with secondaries and neutrals.

« Semi-Analytically: Can try to find an expression for f,
for simplified beam.

« Let's start with the latter and then look at examples of
both...
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Space Charge Compensation
(Neutralization)

e Beam interacts with  OG¢ =  Ojonization

residual gas 9i = Ocharge—exchange + Tjonization
I-(1—
dreguy,
Beam Cross-Section 10 Cotlp E
121 :

\
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0. Space Charge (De)Compensation
b - A Simple Theoretical Model

* 1975: Gabovich model for f, uses:
— Secondary electron energy balance:

Steady state: energy transferred to electrons through Coulomb collisions =
energy necessary to leave beam envelope

2
(Aiﬁ‘?e.e-f..af)z _3r. b T b4 ( 1 bV E;)

Me U 0 (—lﬂ' €0 ) 2 nnoe 253 Te

. Aneut
fo=1-32
¥ full
3/2
A 1 , L 321 1‘(:—'-'/ :UE?
Ap pun = L =A4mln | 47e
T Ameguy qe3nl/?
g &

M. Gabovich, L. Katsubo, and |. Soloshenko,
“Selfdecompensation of a stable quasineutral ion beam due to coulomb collisions”,
Fiz. Plazmy, vol. 1, pp. 304-309, 1975.
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o.N° . .
: Discussion
©
/
« Major contributions to cross sections:
Te = Ojonization
gi = Jf::'f'.!.c:r.-rgﬁz—t:—'-'.'r:fc":"e.a?'e.,f_:,u:-r + Ojonization

 Large uncertainties in available cross-section data!

 Other simplifications:
— Round, uniform beam
— Secondary ions: simple balance of produced ions = leaving ions
— Quasineutrality of the beam plasma 1, = q-np—+n;

2
9 my  D; npge” q VpO;T]
(A‘Pn.e-uf) = 3L - ’ , } 0 + %
me Uy (4dmeg)* \ngoe  20;0¢
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Cross-Sections?

10—15
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Miiller-Salzborn scaling for o,

Measured: it — Tion = T
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Measured: Total H; production
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Cross-Sections?
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BN How can this model be applied to
% ECRIS?

* Pressure in ECR transport line are as low as possible to reduce charge
exchange (therefore low production of electrons)

 ECR beams are probably far from neutralized

Ne=q-Np+n; = ne= fe-(q-ny+n;)

100
APpeut,Gabovich
f{:_.__ =1 \/fT ’ Ao i
¥ full g
5 98t
N :
, Fneut,Gabovich E
- e B
¥ full é
o6 —  Theory
_ );2 X 9 e ® e Measurement
f(.'—.‘:l—l_ag __\/m ” ‘ ‘ I
2 2 : 2 4 : 8

Gas density, ng (-10'® m~3)

R. Ferdinand et al., Proceedings of the 1997 PAC,
vol. 3, pp. 2723-2725, IEEE, 1997.
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&a Neutralization model was included into
p \WARP Simulation of SuSI Beam Line

» User sets initial
parameters:

— Cross-sections for ion
and electron production

— gas pressure

» At each step:
— get 20 beam radius
— get beam current

» Calculate multispecies
neutralization
assuming same radius
for each species

e Use new
neutralization in next
step of calculation
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71

f SuSI Beam Line, Ar8*, 1.0e-6 Torr
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Space Charge Compensation

100 —

o . 107 Torr
5-107% Torr
-107° Torr ||
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- 1078 Torr

0
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] 0 0 \
Susl | EL. | Dipole C1 S1 C2 52 GC3 53 C
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ISODAR LEBT Measurements/Simulations

Configuration || Configuration || Configuration
I I 1]

itl@ |
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Beam Envelopes |

0.08
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Beam Envelopes Il
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ISODAR LEBT Measurements/Simulations

6.6 pA 25.0 pA
5.3 pA 20.0 pA
3.9 uA = 15.0 pA
- 2.6 pA ” 10.0 pA
1.3 pA 5.0 pA
- 0.0 pA - 0.0 A
-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
y (mm) y (mm)

10 —5.0 pA

' 20 5 4.0 pA
= = 3.0 puA
':-l() j 2.0 pA
Ha+
-20 20
1.0 pA
ol. 1: 240 A Sol. 1: 320 A =
Proton Focus Pre H2+ Focus 00 30 20 -10 0 10 20 30 4 %o 30 20 -10 0 10 20 30 do COHA
X (mm) X (mm)
=
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Measuring Space Charge Compensation
with a Retarding Field Analyzer

« Measure secondary ion
energy distribution — Electron Cycllotrson Res?;gglcse)'
. on source
compensated beam potential

Sextupole M t
« Compare to full (uncomp.) y extupole Magne

beam potential — f,

Plasma

COI | | Mé Extracted
Solenoid lon Beam
Magnets Secondary

Grlc f [E(Tgit%0|1s
Grio

Gric

Retarding Field _g
Analyzer v

K

N
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— Retarding Field Analyzer (RFA)

 Mesh 1 voltage =0V
* Mesh 2 voltage =0V
* Mesh 3 voltage = - 150 V

4 :
__ | 30eVion .
> _ |
QD |20eVion .
= I
= 10 eVion a
c
I © -
= .
2 |
<) .
= electron
O .
>
|

>
Mesh 1 Mesh 2 Mesh 3 Collector
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— Retarding Field Analyzer (RFA)

 Mesh 1 voltage =0V
 Mesh 2 voltage =15V
* Mesh 3 voltage = - 150 V

A
30 eVion

20 eV ion

10 eV ion

electron

Voltage (V)/Energy (eV)

| | s
Mesh 1 Mesh 2 Mesh 3 Collector
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— Retarding Field Analyzer (RFA)

 Mesh 1 voltage =0V
* Mesh 2 voltage = 25V
* Mesh 3 voltage = - 150 V

A
30 eVion

20 eV ion

10 eV ion

electron

Voltage (V)/Energy (eV)

I >
Mesh 1 Mesh 2 Mesh 3 Collector
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— Retarding Field Analyzer (RFA)

 Mesh 1 voltage =0V
* Mesh 2 voltage = 35V
* Mesh 3 voltage = - 150 V

A
30 eVion

20 eV ion

10 eV ion

electron

Voltage (V)/Energy (eV)

I >
Mesh 1 Mesh 2 Mesh 3 Collector
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= RFA Spectrum

» “Perfect” spectrum
1.0}

 Typical spectrum in
LEDA injector source

* In Theory:
-dl/dV corresponds
to secondary ion
energy distribution
f(E) —» AQ

 Reality:
Obtain A by fitting
detector signal to
theoretical f(E) ]
folded with detector — - - 2
transmission Retarding Potential (V)

=
(=2

Current (normalized)
(@]
=

......... @

N
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= RFA @ Low Energies/Low Currents

Mesh Effect 1: Effective
Potential

Mesh Effect 2:
Trajectories Through
Mesh

Collimator + External
Magnetic Field —
Energy Dependent o
Transmission

Wire (0 V)
-10V

IS
< =

Gridl1=0V Grid 3 =-360 V

Primary
Beam

Da.ta anaIyS|S CaICUIate E r S()(?()I'l(l‘rll'}"l()ll
D etector Trajectories
Transmission Curves ™ .
......... -WithSIMION(Hm Horizonlal Position (uirn)
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LEDA injector Source — SCC
Measurements

100
A ——
80y
=
"""" 5 60
g
Turbopump g 40]
D)
. 201 - Theory
Solenoid s 4 4 Measurement
0 . | | . .
—@ NeMo 0 1 2 3 4 5 6
Beam I Beam Density (-107 m ™)
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NeMo RFA
/Camera

4-Jaw Slits
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== SCC - SuSI Beam Current Variation

100
—==- Q% theory
— = Ar®" theory
801 ;
AA s O measurement
e®e Ar"" measurcment
= 60)
32
£ 40}
<
Z
20
. BT
0 100 200 300 400 200 600 700

Beam Cwrrent (pA)

« O% and Ar8+, 5.0e-6 Torr
* Neutralization very low

« Agrees well with theoretical prediction.
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SCC - SuSI Beam Line Pressure
Variation

100 100
=== O theory — O theory
AT theory mmm O measurcment
80 64 ' el
AAa O measurement
Ar®" measurement
= 60 = o0
5 =
S S
e E
S 40 = 40
= <
. o
”””
20 /" 20
s
0 ‘ ‘ ‘ 0
4.00e-07 3.30e-06 6.20e-06 9.10e-06 1.20e-05 4.000-07 3.30c-06 6.20c-06 9.10c-06 1.20c-05
Pressure (Torr) Pressure (Torr)
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Example for PIC Code: SolMaxP

Motion Collisions
Integration > (Monte Carlo)

F oV X, Vi o Vi
S~

Interpolation D{__nmtelmrpt:ll?: lg::d

(i th_E} fﬂrﬂﬁ;) ‘t charges in a grid|
— -

(E.,B,) - F, (X, Vo = (P, )

EM fields
calculation (FD)

{Pﬂ: J_}n) — (E): E))

- N -
I
rrrrrrr
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SolMaxP Example: IFMIF/IVEDA

140 mA, 100 keV cw D+ beams.

750 mm 920 mm 380 mm

e i e "
T, i .,

-[soL 1|----- SOL 2| - - — - 2227

Injection cone
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SolMaxP Example: IFMIF/IVEDA

Emittance (T mm.mrad)

-
(w
rrrrrrr

BERKELEY LAB

—— D, 5x10°° hPa (D, 10° + Kr 2x10°) hPa

(D, 10° + Kr 4x10°) hPa|

............................................................................................................................

...........................................................................................................................................

-------------------------------------------------------------------------------------------------------------------------------

...............................................................................................................................

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

-------------------------------------------------------------------------------------------------------------------------------------------------------
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IFMIF/IVEDA

SolMaxP Example

i
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Some Discussion

« Electrostatic devices in the beamline destroy space
charge compensation.

« High gas pressure improves SCC, but may reduce
beam current due to beam-residual gas interaction,
charge-exchange, etc.

* Not fully understood: SCC inside Dipole magnets.

« When dealing with high intensity beams (10 mA and
up) one has to be very careful about the design.

* In ECRIS and EBIS, the multitude of species may
lead to a high intensity beam even if <1 mA ends up
at the accelerator...
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